Electron heating in a high-density helicon discharge B Clarenbach, M Krämer and B Lorenz -Thrust measurements in a low-magnetic field mode in the HDLT J Ling, M D West, T Lafleur et al. In this work we used a passive measurement method based on a high-impedance electrostatic probe and an optical emission spectroscope (OES) to investigate the characteristics of the double layer (DL) in an argon helicon plasma. The DL can be confirmed by a rapid change in the plasma potential along the axis. The axial potential variation of the passive measurement shows that the DL forms near a region of strong magnetic field gradient when the plasma is operated in wavecoupled mode, and the DL strength increases at higher powers in this experiment. The emission intensity of the argon atom line, which is strongly dependent on the metastable atom concentration, shows a similar spatial distribution to the plasma potential along the axis. The emission intensity of the argon atom line and the argon ion line in the DL suggests the existence of an energetic electron population upstream of the DL. The electron density upstream is much higher than that downstream, which is mainly caused by these energetic electrons.
Study of axial double layer in helicon plasma by optical emission spectroscopy and simple probe 1 . Introduction A helicon plasma, which is known as one of the plasma sources with the highest density, can be generated under a wide range of operating parameters, e.g. the strength of the magnetic field, the filling gas pressure and the excitation frequency of RF power [1, 2] . To find a mechanism which makes the helicon plasma source highly efficient, research has been done over the last several decades to understand helicon wave energy absorption [3] [4] [5] [6] [7] [8] . Landau damping of the helicon wave is one such mechanism, observed in several experiments [2] [3] [4] . The helicon wave is a branch of the whistler wave. Another branch of the whistler wave is called Trivelpiece-Gould (TG) mode.
The Trivelpiece-Gould (TG) wave is excited near the plasma boundary and absorbed mostly at the radial edge region of the plasma [9] . It is also observed that this high-density plasma source could be a viable option for electric propulsion systems, and has received great attention in the helicon double layer thruster community [10] [11] [12] . Its current-free nature in lowcollisional, magnetically expanding, inductive-or wave-mode discharges distinguishes helicon double layers [12] [13] [14] from other current-driven double layers. The DL in the plateau region of mirror magnetic field topology was also investigated [5, 15] . A large density gradient was used to explain the formation of CFDL [8] . A potential change near the opening boundary of the source tube is now employed in the development of a plasma thruster. Ions on the higher potential side will be accelerated towards the lower potential position. Due to particle acceleration when traversing the double layer (DL), energetic ion beams on the lower potential side will form and move out of the discharge cell, resulting in a counterforce or 'thrust', while electrons with a small momentum will act as a neutralizer for the thruster [12, 16] . In general, axial electric fields induced by the plasma potential drop in the DL are considered to give axial momentum to the ions via the electrostatic axial acceleration.
There are some measurements to determine the parameters of a helicon plasma. Among them, a Langmuir probe based on the saturation ion current, which is a new RFcompensated structure [17, 18] , is the most commonly used device to ascertain the plasma density and evaluate the electron temperature. Sahu et al [5] [6] [7] used an RF-compensated Langmuir probe combined with a B-dot to measure the DL in the plateau regions of the magnetic field under mirror-like magnetic field topology in a conducting cylindrical chamber. Charles [13] used retarding field energy analyzers (RFEAs) to discover the DL in a helicon plasma and the ion beam downstream of the DL. Recently, Saha et al [19] used RFEAs to measure the two-dimensional potential distribution. Kline et al [20] and Sun et al [21] used laser-induced fluorescence to detect the ion beam in a helicon plasma. Scime et al [22] used a coherent Thomson scattering diagnostic to measure the frequency and wavelength of electrostatic fluctuations. Isaac et al [23] used an optical emission diagnostic to study the efficiency of different angular modes in the helicon plasma. In previous work, we also used the B-dot to study the correlation of wave propagation with a source tube length [24] . However, very few measurements can be used to directly measure the DL potential and give direct evidence of the DL. In CFDL, a retarding field energy analyzer was used almost exclusively to determine the plasma potential, but it is bulky, perturbative and restrictive in its design. In a brief communication, an emissive probe wire was proposed by Lafleur et al [25] to take measurements of the potential in an expanding helicon plasma. Recently Ghosh et al [14] also used the emissive probe to measure multiple DLs. Sahu et al [15] used a new RF-compensated Langmuir probe structure to acquire the plasma potential from the maximum of the first order differential of the current-voltage curve. In this method, however, additional scanning voltage is required to be applied to the probe, and hence the instability and tip discharge in the plasma near the probe tip cannot be completely avoided.
In this paper, we report on a direct measurement of the spatial DL potential based on a simple local electrostatic probe connected to a high-impedance electrostatic voltmeter together with optical emission spectroscopy (OES). This passive testing method can give direct evidence of the DL. The characteristics of the optical emission lines from the plasma and the potential drop around the DL are studied.
Experimental setup
The experimental setup is shown schematically in figure 1(a) , and has been described in detail in our previous works [24, 26] . Briefly, the discharge system consists of a quartz cylinder (45 cm in length and 7 cm in inner diameter) with one end connected to a diffusion chamber (30 cm in length and 33 cm in inner diameter) and the other end sealed by an end-plate. The discharge gas is pure argon at a pressure of 0.2 Pa. The neutral gas pressure is measured and controlled with a vacuum gauge attached to the end of a diffusion chamber. A helic antenna 15.5 cm in length surrounds the source tube and is powered by a 13.56 MHz RF generator. This is a right-handed helical antenna so the excitation mode is m=+1. Nine coils (120 mm in inner diameter) are employed to generate a uniform magnetic field in the axial direction of the tube from Z=−27 cm to Z=−10 cm (see figure 1(b) ). The static magnetic field B 0 on the central axis can vary from 0 to 500 Gauss. The zero point of the Z-axis is set at the opening boundary of the discharge tube and the antenna, with the negative Z-axis pointing towards the endplate and the positive axis pointing towards the diffusion chamber. A simple local electrostatic probe connected with a high-impedance electrostatic voltmeter through a filter circuit is inserted into the plasma from the upper end of the source tube to measure the plasma potential. A fiber is inserted into the diffusion chamber from the side wall to acquire the signal of optical emission spectroscopy. The intensity of optical emission from the helicon plasma was recorded by an optical spectrometer in combination with a fast intensified chargecoupled device (ICCD) imaging camera.
Simple probe and OES diagnostics
The plasma potential is measured with a simple electrostatic probe inserted into the reactor via the port in the upper end of the plate. The probe is connected with a high-impedance electrostatic voltmeter, and a filter circuit is applied here to remove or suppress RF distortion (see figure 2(a) ). The simple probe consists of a 0.2 mm diameter tungsten wire with a bare part 4 mm in length, which is inserted into the plasma. The filament diameter of 0.2 mm is smaller than the smallest electron gyro radius of 0.39 mm in this experiment, and the probe tip is perpendicular to the axis. These setups help to reduce the space charge effect caused by the external magnetic field, as well as the uncertainty, since no voltage is applied to the probe. Initially, the potential measured by this electrostatic probe is actually the floating potential. This floating potential V f has a relationship with the plasma space potential V given by [27] :
where M is the ion mass, m is the electron mass, e is elementary charge and kT e is the electron temperature. The electron temperature value is regarded to be the electron temperature measured by the RF-compensated Langmuir probe. The floating potential is always negative compared with the plasma space potential. This passive method to measure the potential using a high-impedance electrostatic voltmeter can work for a long time with a very small amount of interference, and hence can avoid tip discharge and instability at a very high power due to there being no scanning voltage applied to the probe. A direct method for local OES measurements uses an optical fiber probe inserted into the plasma which is movable in the axial direction. A ceramic tube 5 mm in diameter is placed in front of the fiber to make up the fiber probe, as seen in figure 2(b) . The ceramic tube has a head with a ceramic end-plate of 10 mm and a hole 5 mm in diameter in the side of the cylinder head, which provides the measurement of light emission only from a small volume. Generally, in low pressure RF plasmas, since the collision between atoms and ions is not efficient, the electron impact excitation from the ground state and radiative decay from the excited states are the dominant excitation and/or de-excitation channels. The emission intensity I ji caused by the transition from an upper level j to a lower state i is given by the following formula [28] :
where K ji is a factor with the spectral response of the spectrometer, A ji is the optical emission probability for the transition, * n Ar is the density of the excited species, c is the speed of light in a vacuum, h is the Planck constant and λ is the wavelength of the transition. There are two collision processes that produce an excited state with the electrons, namely, electron collisions from the fundamental state and the metastable state of argon. The excited state is mainly consumed radiative de-excitation and collisional quenching by neutrals. Since the rates of creation and the loss of the excited state are equal in a stable state, we then obtain [28] : 
The equation mentioned above can be used to obtain the electron temperature from the ratio of the information of two selected lines separately substituted into the equation. The rate coefficients are the function of the cross-sections and the electron energy distribution function, which are related to the electron temperature and assumed to be a Maxwellian distribution of energies in this paper. The rate coefficients and other parameters are listed in reference [29] and [30] . Here, we selected the argon emission lines 750.39 nm and 811.53 nm. Then the temperature value can be acquired through the one-to-one correspondence between the temperature and the ratio of the emission lines. 
Results and discussion
The results of the plasma potential along the Z-axis are shown in figure 3(a) under RF powers of 200, 800, 1000, 1200 and 1500 W. The helicon plasma was operated in a capacitively coupled mode (the E-mode at a lower power of 200 W), an inductive coupled mode (H-mode) at a higher power of 800 W, and finally enters wave-coupled mode (W-mode) at high powers of 1000, 1200 and 1500 W, as seen in figure 3(b) ; details of the mode transition can be found in [30] . In the first mode at low power, the plasma potential data (noted as stars in figure 3(a) ) acquired by the RF-compensated probe (RFCP) is also presented for comparison with the current method (noted as open diamonds in figure 3(a) ). Both axial potentials are in very good agreement and remain almost constant along the Z-axis. This confirms the viability of the passive simple probe. In H-mode at 800 W, there is still no DL potential structure. At a power of 1000 W, the discharge mode transits to W-mode and the axial potential shows a DL potential structure along the axis, with a significant potential drop in a special region depending on the RF power. At 1000, 1200 and 1500 W, the potential changes from 21 to 17 V along Z=−9 to −4 cm, from 25 to 19 V along Z=−9 to −5 cm, and from 31 to 20 V along Z=−10 to −6 cm, respectively. The DL strength, characterized by (eΔV/T e ), is estimated to be 1.4, 2 and 3 for 1000 W, 1200 W and 1500 W, respectively. This suggests that increasing the RF power causes the strength of the DL to increase.
In many studies, DL structures are shown to occur near the maximum gradient of magnetic field. The potential drops spontaneously in a divergent magnetic field, which can also be found in the work of Lafleur [25] and Sutherland et al [31] . They gave a DL strength of 2-5 over most of the operating pressures [25, 31] . This DL strength is in agreement with the present work for the situations at 1200 W and 1500 W. The DL region coincides with the diffusion and attenuation regions of the external magnetic field and the maximum gradient is located inside the source tube at Z∼−5 cm. It seems that the configuration of the magnetic field will affect the potential change and distribution characteristics as an important external parameter. This CFDL is observed at the location where high-density plasma expands into low-density plasma, similar to others [14] . The presence of the magnetic gradient might cause a gradient of electron density, resulting in an electric field to induce a DL. The ion population upstream of the DL will be accelerated from upstream to downstream due to the electric potential difference. We should point out that the simple probe and OES measurements were taken at an interval of Z=1 cm. Thus the measurement of the width of the DL and the position of the potential change is not accurate, although it can at least be used for a half-quantitative analysis.
To obtain an insight into the DL, the information of the optical emission lines corresponding to 1200 W and 1500 W has been recorded in the range of the DL. The emission lines of argon mainly come from transitions between 4p and 4s levels, and the strongest lines are located at 750.39 nm and 811.53 nm. The transition 3p
1 (2p1→1s2 in Paschen notation) at 750.39 nm is excited almost exclusively due to direct ground-state excitation. The upper level is populated by electron impact excitation of the argon atom ground state. It is assumed that the density of the ground state argon atom is kept constant when the pressure is fixed. For this reason, the intensity of 750.39 nm is positively correlated with the electron density, while the 3p figure 4(b) . The intensity of 750.39 nm is insensibly monotonically decreasing along the axis direction, which implies the electron density's insensible change from Z=−14 to 0 cm. The intensity of 811.53 nm along the axis displays the same trend with the potential distribution in figure 4(a) , i.e. a rapid drop taking place from Z=−10 cm to Z=−6 cm. This suggests that the metastable atom density corresponding to the DL also drops rapidly. We can also get some information about the special axial distribution of the plasma potential from the optical emission lines of argon ions. The intensity of the Ar + emission line, 480.6 nm, in the DL region has been recorded and shown in figure 4(c) . A fast drop is found at Z <−6 cm, and the intensity of this emission line becomes almost constant. The intensity drop is quite large at 1500 W compared to 1200 W. This should have been caused by the higher ion density upstream at 1500 W. The 480.6 nm line (from the upper level 4p 4 P 0 5/2 ) has a lifetime of 7.36 ns [32] and a much higher excitation energy, namely, the excitation from the ground state of the argon ions (two-step process) and atoms (singlestep process) at 19.2 eV and 35 eV, respectively. Suppose that the upper level is mainly generated by the electron impact excitation of the ground state of the argon ion here. The line intensity is determined by the ion density and the concentration of the energetic electron population. According to the electron neutrality principle, the ion density decreases slowly along the axis as well as the electron density, which can be concluded from figure 3(b) . In order for electron impact excitation of the argon ion ground state to occur and be maintained, there must be a sufficient number of electrons with energy>19.2 eV. The existence of an energetic electron population has been verified in the study of Sahu et al [5, 15] . This means that the concentration of energetic electrons drops quickly along the axis direction and becomes very low downstream of the DL.
This indicates that an energetic electron population exists upstream of the DL and disappears downstream. The existence of an energetic electron population leads to two different electron energy distributions between the upstream and downstream, and results in different electron population velocities, which cause a rapid change of the space potential [12] . At the same time, metastable argon atoms are excited more easily by energetic electrons. This may be one reason for the rapid change in the axial distribution of line 811.53 nm (related to the metastable atoms).
As mentioned above, by taking two different emission lines in equation (3) and making a rate in two sides of the equation, we can get the relationship between the ratio of the emission intensity and the electron temperature. Then we can find the value of the temperature according to the ratio of the measured emission lines. The electron temperature along the axis from −14 to 0 cm is shown in figure 5 . One can see that the electron temperature is about 2 eV, and it remains almost constant on the axis when the RF power is 200 W with no DL appearing in the helicon plasma. However, when the RF power is 1000, 1200 or 1500 W, the DL appears and the temperature shows a decrease of 0.5 eV, 0.7 eV and 1 eV from upstream to the position where the down ring of the antenna is located (Z=−10 cm). Thereafter, the temperature changes slightly or stays nearly constant. A higher electron temperature upstream can also lead to more metastable atoms. Recently, Zhang et al [33] also showed that the effective electron enthalpy can be expressed as a function of the effective electron temperature, and the relative electron enthalpy Δ<H> is consistent with the relative plasma potential !j. The results can be described by Δ<H> +Δj=0. This shows that the electrons transfer their effective enthalpy into potential energy during plasma expansion and promote the potential change in the axial direction.
In the present helicon plasma, we think that one of the reasons for DL formation is the existence of an energetic electron population. From the above results we can see that a DL potential structure occurs in the plasma when it is operated in W-mode. Energetic electrons can only be produced in W-mode [34] and exist upstream of the DL. The energetic electrons cause efficient ionization and the excitation of argon atoms upstream, so that a density gradient of electrons and metastable atoms is formed. A higher RF power causes more energetic electrons, and hence the larger strength of the DL in the plasma. The large number of metastable atoms and the stronger ion emission line upstream observed in the experiments also supports this viewpoint.
Conclusions
In summary, we measured the plasma potential of the argon helicon plasma along the axis by using a high-impedance electrostatic voltmeter passive testing method and OES. The results show that a double layer potential structure appears in an axial line when the plasma is operated in wave-coupled mode, which gives direct evidence of the double layer in a helicon plasma. The strength of the DL increases with the RF power in this experiment. The emission line intensities, which are strongly dependent on the metastable atoms, show very good consistency with a potential distribution along the axis. The emission line intensity, which is almost excited by the electron impact excitation of the ground state of the argon atom, shows a slight decrease on the axis. The argon ion emission lines, which need a higher excited energy, display a fast drop upstream and then remain almost constant downstream. This suggests that an energetic electron population only exists upstream, leading to different velocities of the electron population. Electron populations with different velocities result in a potential change as well as the axial distribution of metastable atoms. The average electron temperature deduced from the ratio of two emission lines in the DL region has also been displayed, showing a decrease before the DL happens and then remaining nearly constant. The axial distribution of the electron temperature shows that the DL represents a process in which the effective enthalpy converts into potential energy.
